Acrosomal exocytosis in mammalian sperm is a regulated secretion with unusual characteristics. One of its most striking features is the postfusion loss of the outer acrosomal membrane and the overlying plasma membrane as hybrid vesicles. We have previously reported in human sperm that, by preventing the release of calcium from the acrosome, the exocytic process can be arrested at a stage where the acrosomes are profusely swollen, with invaginations of the outer acrosomal membrane. In this report, we show by transmission electron microcopy swelling with similar characteristics without arresting the exocytic process. Acrosomal swelling was observed when secretion was promoted by pharmacological and physiological inducers of the acrosome reaction that trigger exocytosis by different mechanisms. We show that progesterone-and thapsigargin-induced swelling depended on a calcium influx from the extracellular medium through store-operated calcium channels. However, calcium was dispensable when sperm were stimulated with cAMP analogs. KH7, an inhibitor of the soluble adenylyl cyclase, blocked progesterone-induced swelling. Our results indicate that swelling is a required process for acrosomal exocytosis triggered by activation of an adenylyl cyclase downstream of the opening of store-operated calcium channels.
INTRODUCTION
The acrosome reaction is a special type of regulated exocytosis essential for fertilization [1] . In mammals, the acrosome is a large and flat granule situated between the anterior part of the nucleus and the plasma membrane. The acrosomal membrane underlying the plasma membrane is referred to as the outer acrosomal membrane and that overlying the nucleus is referred to as the inner acrosomal membrane. In human sperm, the outer acrosomal and the plasma membranes are in close proximity; however, there is no obvious interactions between these two structures until the sperm is stimulated in the proximity of the mature oocyte to undergo the acrosome reaction. During acrosomal exocytosis, the membranes fuse at multiple points leading to the release of hybrid vesicles, formed by patches of the outer acrosomal membrane and plasma membrane. Probably the most crucial role of acrosomal exocytosis is the change in the topology and composition of the limiting membrane of the sperm [2] . These changes are fundamental for sperm-egg interaction and fusion.
Progesterone is a physiological stimulus of acrosome reaction in human sperm. The signaling cascade triggered by the hormone is still unclear. One important target for progesterone is the sperm-specific calcium channel CatSper located in the principal piece of the flagellum [3] . These channels can be activated by a large set of small molecules, including prostaglandin E1 and cAMP analogs. Opening of CatSper triggers a complex calcium-signaling cascade that includes the release of calcium from intracellular stores [4] . Changes in the calcium content of these stores is sensed by store-operated calcium channels (SOC channels) at the plasma membrane and generate store-operated calcium entry (SOCE) [5, 6] . SOCE may be mediated by different proteins, including transient receptor potential (TRP) channels that are present in sperm and have physiological implications for sperm motility and the acrosome reaction [7] . A different mechanism involves Orai channels that are activated by STIM, a calcium sensor with the correct orientation for detecting changes in the calcium content of intracellular compartments. Orai and STIM have been detected in mouse and human sperm [7, 8] . The prevalent mode of activation of Orai by STIM is the physical interaction between these proteins by apposition between the plasma membrane and the intracellular organelle whose calcium content is sensed by STIM. Not all sperm that respond to the hormone with an increase of cytosolic calcium undergo secretion [9] . In fact, there is a time dissociation between the first raise of calcium and the onset of secretion. Hence, it is not clear what signal stimulates the membrane fusion machinery responsible for acrosomal exocytosis.
The molecular mechanism of acrosomal exocytosis has been intensively studied by us and by other laboratories (see references in [10, 11] ). Fusion between the outer acrosomal and plasma membranes shares a common molecular mechanism with calcium-dependent exocytoses reported in different cell types. According to several pieces of evidence, we have proposed that, in resting sperm, the membrane fusion machinery is inactive. Key factors, such as synaptotagmin and NSF, are phosphorylated and SNAREs are assembled in inactive cis complexes (i.e., complexes where all SNAREs are in the same membrane). In permeabilized cells, addition of calcium is sufficient to trigger exocytosis. Secretion is also observed in the presence of cAMP, even at low concentrations of external calcium. Depletion of cAMP prevent calcium-triggered secretion, indicating that this nucleotide is a downstream effector of calcium. When the fusion process is activated, synaptotagmin and NSF are desphosphorylated, Rab3A exchange GDP by GTP, and the cis SNARE complexes are disassembled. In addition, cAMP activates an EPAC (exchange proteins directly activated by cAMP)-dependent pathway that promotes a Ca 2þ efflux coming from the acrosome through inositol 1,4,5-trisphosphate (IP 3 )-sensitive calcium channels [12, 13] . The assembly of a functional fusion machinery and the efflux of acrosomal calcium are required for triggering fusion pore opening and acrosomal content release [11, [13] [14] [15] . Notice that it is not obvious how this complex mechanism of membrane fusion will lead to the formation of hybrid vesicles.
Several studies have characterized acrosomal exocytosis in different mammalian species [16] [17] [18] [19] [20] . A commonly reported observation is the swelling of the acrosome before fusion [16, 18, 20, 21] . We have proposed that acrosomal swelling is an important step in acrosomal exocytosis that actively participates in the formation of hybrid vesicles [22] . In our model, the acrosome swells upon sperm stimulation. The swollen granule undergoes invaginations of the outer acrosomal membrane. The edges of these invaginations contact the plasma membrane and form tight ring-shaped appositions stabilized by the assembly of trans-SNARE complexes. We have recently shown that the endosomal-sorting complex required for transport is essential for this process [23] . Calcium release from the acrosome in the restricted cytosolic compartment enclosed by the invagination and the plasma membrane triggers the opening and expansion of fusion pores in this ring, leading to the release of hybrid vesicles. The membrane of the invagination would contribute with acrosomal membrane to the vesicle and the cap sealing the invagination, the plasma membrane domain. In a recent publication, we measured the kinetics of swelling and observed that it is a slow process and probably the rate-limiting step of acrosomal exocytosis [24] .
In this report, we analyzed acrosomal swelling in live, nonpermeabilized sperm. Our results indicate that swelling is a required process for acrosomal exocytosis triggered by activation of an adenylyl cyclase downstream of the opening of SOC channels. 0 -O-dibutyryladenosine 3 0 ,5 0 -cyclic monophosphate sodium salt (db-cAMP) and 8-pCPT-2 0 -O-Me-cAMP (8-pCPT) were from Axxora, LLC. (6)-2-(1H-benzimidazol-2-ylthio)propanoic acid 2-([5-bromo-2-hydroxyphenyl] methylene)hydrazide (KH7) was from R&D Systems. All electron microscopy supplies were from Ted Pella Inc. All other chemicals were purchased from Sigma-Aldrich Argentina S.A., Genbiotech, or Tecnolab. A plasmid encoding human Rab3A fused to a cellpenetrating peptide and to His 6 was used to produce membrane-permeant Rab3A (R-Rab3A) as previously described [25] . R-Rab3A was prenylated in vitro and loaded with guanosine 5 0 -O-[c-thio]triphosphate as described [12] .
MATERIALS AND METHODS

Reagents
Sperm Preparation
Human semen samples were obtained from six healthy donors (age range: 25-to 35-yr old). The signed informed consent and the protocol for semen handling were approved by the Ethic Committee of the Medical School, Universidad Nacional de Cuyo. Samples were provided by masturbation after at least 2 days of abstinence. Semen was allowed to liquefy for 30-60 min at 378C. Highly motile sperm were recovered by swim-up separation for 1 h in human tubal fluid medium (HTF) ( 
Acrosomal Exocytosis
After incubating as indicated in Figure 4D , spermatozoa were spotted on Teflon-printed slides, air dried, and fixed/permeabilized in ice-cold methanol for 1 min. Acrosomal status was evaluated by staining with FITC-PSL according to [26] . At least 200 cells were scored using a Nikon Optiphot II microscope (Nikon, Inc.)
Swelling Protocols
Capacitated or noncapacitated sperm (10 3 10 6 cells/ml) were incubated with inhibitors for 15 min at 378C. Afterward, the stimulants were added to the sperm suspensions, and the incubation proceeded at 378C for 0-30 min, depending on the experiment. Samples were immediately fixed in 2.5% (v/v) glutaraldehyde in PBS, incubated overnight at 48C, and prepared for electron microscopy. To account for the natural variability among semen samples, a negative control (not stimulated) and a positive control were included in all experiments. Hence, swelling under the different conditions tested was always compared with controls run in parallel. In some experiments, 5 mM BAPTA was added to HTF; the free calcium concentration under these conditions was in the 40-80 nM range (Fura2 ratiometric assay [27] ).
Transmission Electron Microscopy
Fixed sperm samples were centrifuged for 30 sec at 10 000 rpm to obtain a pellet, which was maintained throughout the procedure. Pellets were washed twice with PBS and postfixed in 1% osmium tetroxide in PBS pH 7.4 for 2 h, washed three times in PBS, and dehydrated in an increasing concentration series of acetone on ice. Cells were infiltrated in 1:1 acetone/EPON for 2 h at room temperature and finally embedded in fresh resin. Thin sections (60-80 nm) were cut with a diamond knife (Diatome) in a Leica ULTRA-CUT R ultramicrotome and collected on 200-mesh copper grids. The sections were stained with saturated uranyl acetate in methanol and lead citrate. The samples were observed under a Zeiss 900 electron microscope at 80 kV and photographed with a Gatan Orius SC1000 (model 832) charge-coupled device camera installed in the left-side port of the microscope.
RESULTS
Acrosomal Swelling Is a Necessary Step for Acrosomal Exocytosis
In a previous report, we have described the swelling of the acrosomal granule in sperm stimulated with a calcium ionophore in the presence of different inhibitors that block acrosomal exocytosis [22] . The rationale for the inclusion of the inhibitors was that if swelling were a fast process followed by exocytosis, sperm with swollen acrosomes would not be detected unless exocytosis was blocked. However, when we measured the kinetics of swelling we observed that it is a slow process and probably the rate-limiting step of acrosomal exocytosis [24] . Hence, the percentage of sperm with swollen acrosomes should increase upon stimulation even in the absence of inhibitors. To test this possibility, sperm were challenged with the calcium ionophore A23187 in the absence of inhibitors and the cells fixed and analyzed by electron SOSA ET AL. microscopy at different times after stimulation. At the initial time of the incubation, sperm showed acrosomes with electrondense content and a flat outer acrosomal membrane (Fig. 1 , D-G, sperm labeled i). After 20 min of incubation, most sperm showed swollen acrosomes with a ruffled outer acrosomal membrane ( Fig. 1 , E-G, sperm labeled s). Some of them had lost the acrosome (Fig. 1E , sperm labeled r). The percentage of sperm with swollen acrosomes increased with time, reaching a plateau after 8 min. After this time, the percentage of sperm with intact acrosomes continued decreasing at the same time that the number of reacted sperm increased (Fig. 1A) . These results are consistent with the idea that first the acrosomes undergo swelling and deformation of the outer acrosomal membrane and then the granules are lost as the sperm react. According to these observations, swelling would be an early and normal step during the acrosomal reaction and not an artifact caused by inhibitors of the exocytosis.
If swelling is a necessary step for secretion, it should be induced by all stimulators of acrosomal exocytosis. Progesterone is a well-known stimulus for human sperm acrosome reaction. To detect swelling during exocytosis induced by progesterone, sperm were incubated with the hormone in the absence of inhibitors and the cells analyzed by electron microscopy. Similar to the effect of A23187, a time-dependent decrease of sperm with undisturbed acrosomes was observed. In contrast, the percentage of sperm with swollen acrosomes or reacted sperm increased (Fig. 1, B , F, and G). Only capacitated sperm react when stimulated with progesterone. To test whether acrosomal swelling induced by the hormone was also capacitation dependent, the swim-up was performed in HEPES-modified HTF medium in the absence of BSA. After FIG. 1. Kinetics of acrosomal swelling after stimulation with A23187 and progesterone (Pg). A, B) Capacitated sperm were stimulated with 10 lM A23187 (A) or 15 lM Pg (B) and incubated for different periods of time before glutaraldehyde fixation. The samples were processed for electron microscopy, and the percentage of sperm with intact acrosomes (black circles), swollen acrosomes (gray squares), and reacted sperm (dark gray rhomboids) was quantified for each condition (at least 200 cells per sample were analyzed). The data represent the mean 6 range of two experiments. C) Sperm were incubated in noncapacitating (modified HTF without BSA) or capacitating medium (HTF with BSA) during (1 h) and after the swim-up (3 h). Cells were stimulated with 15 lM Pg for 15 min at 378C (Pg). For the control, some aliquots were incubated without the hormone (control). Data represent the percentage of sperm with swollen acrosomes (mean 6 SEM) in three independent experiments. The means were compared with the corresponding control condition by Student t test (ns, not significantly different; **P , 0.01). D-G) Electronmicrographs illustrating the morphology of unstimulated sperm (D) or after different times of stimulation with A23187 (E) or Pg (F and G); i, intact acrosome; s, swollen acrosome; r, reacted sperm. Bars ¼ 1 lm.
ACROSOMAL SWELLING DURING EXOCYTOSIS 3 h of incubation in the same medium, cells were challenged with progesterone for 15 min and further processed for electron microscopy. As shown in Figure 1C , no swelling was observed in noncapacitated cells, consisting with the idea that swelling is part of the normal secretory process.
Acrosomal swelling was also evaluated with a series of other inducers of exocytosis. To compare percentage of swelling, in these experiments, exocytosis was blocked by XC, an IP 3 -sensitive calcium channel inhibitor that abrogates acrosomal exocytosis [25] but does not affect acrosomal swelling [22] . As expected, both A23187 and progesterone induced swelling in the presence of XC (Fig. 2A) . Calcium pumps responsible for maintaining the levels of this cation in intracellular calcium stores are inhibited by Tg [28] . The decrease of calcium in these stores activates SOC channels. Thapsigargin induces acrosomal exocytosis in sperm from several species, including humans [27, [29] [30] [31] . The molecule db-cAMP is a membrane-permeable cAMP analog that activates the secretion process downstream of the opening of calcium channels at the cell surface by activating EPAC, a cAMP-binding protein required for acrosomal exocytosis [13, 32, 33] . The molecule 8-pCPT is another cAMP analog that specifically activates EPAC but no other cAMP targets such as protein kinase A (PKA). R-Rab3A is a membrane-permeant version of Rab3A carrying a cell-penetrating peptide at its Nterminus [25] . All these inducers of the acrosomal exocytosis promoted swelling (Fig. 2A) .
Two characteristics of acrosomal swelling are the increase in size and a decrease in the electron density of the granule. Strikingly, the equatorial region of the acrosome preserved a condensed aspect and a morphology characteristic of nonstimulated spermatozoa even in profusely swollen granules (examples can be seen in a sperm with a swollen acrosome in Fig. 1G and sperm heads shown in Fig. 2, D and E) . In some sperm, swelling was accompanied by deformations of the outer acrosomal membrane with deep invaginations and the budding of intra-acrosomal vesicles. To compare the swelling caused by the different stimuli, the acrosomes were classified as intact (dense acrosomes with parallel outer and inner acrosomal membrane; Fig. 2C ), swollen (enlarged acrosomal compartment with undisturbed outer acrosomal membrane; Fig. 2D ), waving with vesicles (enlarged acrosomes with invaginations FIG. 2. Several reagents that stimulate acrosomal exocytosis by different mechanisms induce swelling. A) Capacitated sperm were incubated for 15 min at 378C in the absence of stimulus (control) or stimulated with 10 lM A23187 (A23187), 15 lM progesterone (Pg), 1 lM thapsigargin (Tg), 1 mM db-cAMP (db-cAMP), 50 lM 8-pCPT (8-pCPT), or 1.5 lM membrane-permeant Rab3A (R-Rab3A) in the presence of 1 lM XC (to prevent acrosomal exocytosis). Cells were fixed and processed for electron microscopy. For each condition, at least 200 acrosomes were classified as intact (morphology illustrated in C) or swollen (morphology illustrated in D and E). Data represent the percentage of sperm with swollen acrosomes (mean 6 SEM) in independent experiments (n ¼ 20 for A23187, n ¼ 15 for Pg, n ¼ 7 for Tg, n ¼ 5 for db-cAMP, n ¼ 8 for 8-pCPT, n ¼ 3 for R-Rab3A). B) Sperm treated as in A (control or stimulated with 10 lM A23187, 15 lM Pg, or 1 lM Tg) were classified as having intact acrosomes (intact; illustrated in C), swollen acrosomes without deformations of the outer membrane (swollen, illustrated in D), acrosomes with a waiving outer acrosomal membrane and internal vesicles (waving with vesicles, illustrated in E), or without acrosome (reacted, illustrated in F). Data represent the mean 6 SEM (n ¼ 7). Bars ¼ 500 nm. In A and B, the means were compared with the control condition by one-way ANOVA and Dunnett post hoc test (ns, not significantly different; *P , 0.05; **P , 0.01; ***P , 0.001).
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of the outer acrosomal membrane and presence of intraacrosomal vesicles; Fig. 2E ), and reacted sperm (loss of the plasma membrane, outer acrosomal membrane and acrosomal content; Fig. 2F ). This classification is shown in Figure 2B for sperm stimulated with A23187, progesterone, or Tg. The results indicate that all three stimuli induced swelling with similar characteristics. Our results indicate that all stimulants of the acrosomal exocytosis induce swelling, suggesting that deformations of the acrosomal granule is a required step for human sperm acrosome reaction.
Swelling Occurs Downstream of the Opening of SOC Channels
The role of SOC channels in the signaling pathway leading to acrosomal reaction has been reported by several laboratories [5, 6, 34] . The prevalent mode of activation of Orai by STIM is the physical interaction between these proteins by apposition between the plasma membrane and intracellular calcium stores. According to our observations, the swelling of the acrosome (a calcium store) promotes the interaction of its membrane with the plasma membrane. One can speculate that this physical interaction may signal the opening of SOC channels. Hence, the opening of SOC channels would be a postswelling event. In contrast, we have proposed that the opening of SOC channels initiates the exocytic process, which includes acrosomal swelling. Therefore, in our model, SOC channel activation occurs upstream of acrosomal swelling. We then designed experiments to discern between these two possibilities: 1) opening of SOC channels is induced by membrane apposition promoted by swelling or 2) opening of SOC channels induces a calcium signal that causes swelling (Fig. 3A) As discussed above, Tg depletes intracellular calcium stores, activates SOC channels, and induces exocytosis. Addition of BAPTA-a fast calcium chelator-to the extracellular medium blocks Tg-stimulated exocytosis [27] , likely by preventing the entrance of calcium through the opened SOC channels. If swelling is involved in the opening of SOC channels, acrosomes should be swollen under these conditions. In contrast, if swelling is triggered by the entrance of calcium through SOC channels, acrosomes should be undisturbed. We then analyzed by electron microscopy the morphology of the acrosomes in sperm treated with Tg in the presence of BAPTA. Figure 3B shows that BAPTA blocked swelling promoted by Tg, suggesting that the swelling is triggered by calcium downstream of the opening of SOC channels. To test this conclusion using progesterone, a more physiological stimulus, extracellular calcium was not depleted, but SOC channels were blocked by two specific inhibitors. SKF-96365 is an imidazolederived compound, widely used to block SOCE. YM-58483 is a pyrazole-derived compound with immunosuppressive effects that efficiently inhibits SOCE [35] . The inhibitors blocked progesterone-and also Tg-induced swelling, but failed to prevent swelling triggered by A23187 (Fig. 3, B-D) . These observations indicate that acrosomal swelling depends on an influx of calcium through SOC channels opened downstream of progesterone and Tg stimuli.
Analogs of cAMP Promote Acrosomal Swelling Independently of Calcium
In Figure 2A , we show that db-cAMP, 8-pCPT, and RRab3A promoted swelling. These three stimuli do not require extracellular calcium to induce acrosomal exocytosis because FIG. 3 . Swelling occurs downstream of the opening of SOC channels. A) Scheme representing two hypotheses. Black arrows: swelling promotes apposition of the outer acrosomal and plasma membranes at the edge of invaginations (white arrowheads); these close contacts stimulate STIM/Oraimediated calcium entry, which in turn triggers membrane fusion and exocytosis. White arrows: calcium entry through SOC channels (SOCE) initiates acrosomal swelling that promotes membrane apposition at the edge of invaginations (white arrowheads). The fusion machinery is assembled in these areas. Calcium release from the acrosome triggers membrane fusion and exocytosis. B-D) Capacitated sperm were incubated for 15 min at 378C in the absence of stimulus (control) or stimulated with 1 lM Tg, 15 lM progesterone, or 10 lM A23187, in the presence of 1 lM XC (to prevent exocytosis without affecting acrosomal swelling), 5 mM BAPTA (to chelate calcium from the extracellular medium), or two specific SOC channels inhibitors (1 lM YM-58483 or 50 lM SKF-96365). Cells were fixed and processed for electron microscopy. In B-D, at least 100 acrosomes were classified as intact or swollen for each condition. Bars represent the percentage of swollen acrosomes (mean 6 SEM, n ¼ 3-5). The means were compared with the control condition by one-way ANOVA and Dunnett post hoc test (ns, not significantly different; **P , 0.01; ***P , 0.001).
ACROSOMAL SWELLING DURING EXOCYTOSIS
FIG. 4. Analogs of cAMP induce acrosomal swelling in the absence of calcium. A) Capacitated spermatozoa were incubated with 20 lM BAPTA-AM and, when indicated, 5 mM BAPTA for 15 min at 378C to chelate intra-and extracellular calcium, respectively. Cells were then stimulated with 1 mM dbcAMP or 50 lM 8-pCPT for another 15 min at 378C, and finally fixed and processed for electron microscopy. B) Capacitated sperm were incubated for 15 min at 378C with 20 lM BAPTA-AM (to chelate calcium in the cytosol and intracellular stores to prevent exocytosis) or 10 lM KH7 (to inhibit soluble adenylyl cyclase). Afterward, cells were incubated with or without 15 lM progesterone (Pg) for 15 min at 378C and finally fixed and processed for electron SOSA ET AL.
they activate secretion at a stage downstream of the cytosolic calcium increase [25, 32, 33] . They do require a calcium release from the interior of the acrosome at a later stage, downstream of acrosomal swelling, to promote fusion pore opening. These observations suggest that calcium may be dispensable for swelling if exocytosis is triggered by inducers that do not require extracellular calcium. We then tested whether db-cAMP and 8-pCPT could induce swelling when calcium was depleted in both the extracellular medium and intracellular stores. As shown in Figure 4A , these cAMP analogs induced swelling in the presence of 5 mM BAPTA (that chelates extracellular calcium) and 20 lM BAPTA-AM (that at this relatively high concentration, chelates both cytosolic calcium and calcium in intracellular stores). Notice that the combination of BAPTA plus BAPTA-AM does not affect the morphology in the absence of stimulus, and it does not prevent normal swelling when stimulated by db-cAMP (Fig. 4, E and F) .
The fact that calcium triggers acrosomal swelling but is dispensable when cAMP analogs are used suggests that calcium promotes swelling indirectly by activating an adenylyl cyclase. Another possibility is that calcium and cAMP activate swelling by independent mechanisms. To assess this possibility we tested the effect of KH7, an inhibitor of the soluble adenylyl cyclase isoform present in sperm. The inhibitor blocked swelling and also acrosomal exocytosis (data not shown) when sperm were stimulated with progesterone (Fig. 4, B and H) . Calcium ionophores can trigger exocytosis even in noncapacitated sperm. Because we postulate that cAMP is activating secretion downstream of calcium, we wondered if it could induce acrosomal swelling in noncapacitated sperm. As shown in Figure 4C , both A23187 and 8-pCPT caused acrosomal swelling in sperm incubated under capacitating and noncapacitating conditions. It has been shown that CatSper can be activated by cAMP analogs when added in the extracellular medium [3] . However, we observed that these compounds activate swelling in the absence of extracellular calcium, indicating that the effect was not due to the opening of CatSper channels. The prediction was then that CatSper inhibitors should not affect swelling triggered by 8-pCPT. NNC, a CatSper inhibitor that affect human sperm motility and acrosome reaction [4, 36] , was tested at different concentrations (data not shown). Under the conditions tested, 1 lM NNC was sufficient to abrogate progesterone-triggered exocytosis without increasing spontaneous secretion (Fig. 4D) . At this concentration, as expected, it did not block acrosomal swelling induced by 8-pCPT (Fig. 4C ). In conclusion, the results indicate that swelling is induced by activation of the soluble adenylyl cyclase isoform downstream of an increase of cytosolic calcium.
DISCUSSION
Acrosomal granule swelling during the acrosome reaction has been described by several authors [16, 20, 21] . In this report, we show that swelling was induced by A23187 and progesterone during the normal course of the exocytic process, even in the absence of inhibitors. Moreover, swelling with similar characteristics was observed with several activators of the acrosomal exocytosis that trigger secretion by different mechanisms. There was an evident decondensation of the electron dense matrix inside the granule (except at the equatorial region) together with an increase in the volume of the acrosome. The outer acrosomal membrane became ruffled with invaginations. The acrosomal swelling promoted the apposition between the outer acrosomal and plasma membrane at the edge of these invaginations. Our results indicate that these membrane-membrane interactions do not participate in the opening of SOC channels and that swelling is activated downstream of the SOCE induced by progesterone or Tg. SOC channels respond to a decrease on the calcium content of intracellular calcium stores. The human sperm has at least two membrane-bound stores: the acrosome surrounding the nucleus and the redundant nuclear envelop at the sperm neck [34] . We have good evidence that the release of calcium from the acrosome through IP 3 -sensitive channels is required for the final step of the acrosomal exocytosis (references in [11] ). However, we have observed that progesterone promotes acrosomal swelling in the presence of XC, an inhibitor of these channels. This would suggest that IP 3 -sensitive channels are not involved in the signal cascade that triggers swelling. IP 3 is not the only second messenger capable of inducing calcium mobilization from intracellular stores. Calcium itself can promote calcium-mediated calcium release. Cyclic-adenosine diphospho-ribose and nicotinic acid adenine dinucleotide phosphate are two compounds found in the sperm that can activate calcium channels present in intracellular stores [34] . In a recent report, it has been proposed that progesterone activates SOC channels in the human sperm neck downstream of a calcium signal mediated by CatSper [37] . In addition, TRP channels at the plasma membrane can be activated by diacylglycerol and trigger calcium influx independently from intracellular stores [7] . We speculate that a complex signal cascade causes a cytosolic calcium increase that activates acrosomal swelling.
Swelling was induced by some stimulators of the acrosomal exocytosis that do not require extracellular calcium. We have previously proposed a signaling cascade that is triggered by calcium and activates cAMP production [11, 13] . At this point, extracellular calcium is dispensable. Exocytosis requires a calcium release from the acrosome to trigger the opening of fusion pores. However, swelling does not require acrosomal calcium. Moreover, we show that cAMP analogs promoted 3 microscopy. In A and B, at least 150 acrosomes were classified as intact or swollen for each condition. Data represent the percentage of swollen acrosomes (mean 6 range, n ¼ 2). The means were compared with BAPTA/BAPTA-AM (A) or BAPTA-AM (B) by one-way ANOVA and Dunnett post hoc test (ns, not significantly different; **P , 0.01; ***P , 0.001). C) Sperm were incubated under noncapacitating (modified HTF without BSA) or capacitating (HTF with BSA) conditions during (1 h) and after the swim-up (3 h). Cells were stimulated with 10 lM A23187 (A23187) or 50 lM 8-pCPT (8-pCPT) for 30 min at 378C. When indicated, the cells were preincubated with 1 lM NNC55-0396 (NNC) for 15 min at 378C before adding 8-pCPT (NNC þ 8-pCPT). As control, some aliquots were incubated without stimulation (control). D) Capacitated sperm were preincubated with 1 lM NNC for 15 min at 378C and then stimulated with 15 lM Pg (NNC þ Pg) for 15 min at 378C. As control, some aliquots were incubated without any addition (control), without progesterone (NNC), or without the inhibitor (Pg). Acrosomal exocytosis was evaluated using FITC-PSL. In C and D, data represent the percentage of sperm (mean 6 SEM) with swollen acrosomes (C) or reacted sperm (D) in three independent experiments. The means were compared with the corresponding control condition by one-way ANOVA and Dunnett post hoc test (ns, not significantly different; **P , 0.01). E-H) Electronmicrographs showing the morphology of sperm incubated under different conditions explained in A and B; i, intact acrosome; i*, deformed but not-swollen acrosome; s, swollen acrosome without invaginations of the outer membrane; wv, acrosome with a waiving outer acrosomal membrane and internal vesicles. Bars ¼ 1 lm.
ACROSOMAL SWELLING DURING EXOCYTOSIS swelling in the presence of 5 mM BAPTA and 20 lM BAPTA-AM to chelate extracellular and intracellular calcium. This observation indicates that swelling is a cAMP-dependent, calcium-independent process; it also rules out the possibility that the effect was due to CatSper activation that would only have an effect in the presence of extracellular calcium. The cAMP has been implicated in several aspects of sperm physiology. The fact that swelling was efficiently promoted by 8-pCPT, a nucleotide that activates EPAC but not PKA [38] , suggests that the signaling pathway is independent of this kinase. We are currently analyzing the cAMP targets implicated in granule swelling. We propose the following cascade of events that result in acrosomal exocytosis (Fig. 5) . Progesterone activates a CatSper-dependent calcium signal in the principal piece of the flagellum that promotes a calciuminduced calcium release at the neck of the sperm that opens SOC channels [34, 37] . Progesterone can also induce the production of diacylglycerol that activates TRP channels at the plasma membrane. The increase of cytosolic calcium boosts the synthesis of cAMP that activates three processes: 1) acrosomal swelling (this report), 2) assembly of the membrane fusion machinery [11] , and 3) activation of IP 3 production [13, 39] . Under these conditions, SNARE complexes can be assembled in trans, docking the edge of outer acrosomal membrane invaginations to the plasma membrane. IP 3 opens IP 3 -sensitive channels at the acrosomal membrane, causing a local increase of cytosolic calcium that activates synaptotagmin and the downstream events leading to the opening of fusion pores [15] . It is worth noticing that the observations from our group reported here and in previous papers support the model shown in Figure 5 downstream of the opening of SOC channels. More experiments will be necessary to characterize the connection between the signal cascade triggered by progesterone and acrosomal swelling.
The role of the soluble isoform of adenylyl cyclase in acrosomal exocytosis is controversial. The enzyme participates in the acrosome reaction in sea urchin [40] and human sperm [32] . However, the sAC À/À mouse has a normal zona pellucidaand A23187-stimulated acrosomal exocytosis [41] . A recent study implicates sAC in PKA-activation in the tail of mouse sperm and tmACs in the acrosome reaction by promoting an increase of cytosolic calcium [42] . We have previously shown that in human sperm, KH7 inhibits acrosomal exocytosis stimulated by A23187 and progesterone, but not by 8-pCPT [32] . Moreover, KH7 blocks exocytosis in permeabilized sperm stimulated with calcium, suggesting that sAC is playing a role downstream of an increase in cytosolic calcium. KH7 is a very specific inhibitor of sAC [43] , although, other effects due to some unknown target for this reagent cannot be ruled out. In the present report, we confirmed by electron microscopy that KH7 inhibits acrosomal exocytosis in human sperm stimulated by progesterone. Swelling was also blocked, consistent with a pivotal role of cAMP in this process. The reason for the discrepancies between human and mouse sperm awaits further characterization of the role of the different adenylyl cyclase isoforms in sperm physiology.
Fusion pore opening and expansion in most secretory processes lead to the release of the granule content and incorporation of its membrane into the plasma membrane. In contrast, in mammalian sperm, pore opening and expansion cause the vesiculation of the acrosome. We propose that acrosomal swelling and outer membrane deformation are important to delineate the membrane domains where pore expansion will lead to the release of hybrid vesicles. More experimental work will be necessary to understand the molecular mechanisms causing the remarkable deformation of the acrosomal granule occurring during the acrosome reaction. [37] , progesterone activates a CatSper-dependent calcium signal that promotes a calcium-induced calcium release (CICR) at the neck of the sperm that opens SOC channels (SOCC). Progesterone can also activate the production of diacylgycerol (DAG) that can affect TRP channels at the plasma membrane [7] . Calcium boosts the synthesis of cAMP that activates three processes: 1) acrosomal swelling (this report), 2) assembly of the membrane fusion machinery [11] , and 3) activation of IP 3 production [13, 39] . Under these conditions, SNARE complexes can be assembled in trans, docking the edge of outer acrosomal membrane invaginations to the plasma membrane [22] . The IP 3 produced opens IP 3 -sensitive channels (IP 3 R) at the acrosomal membrane, causing a local increase of cytosolic calcium that activates synaptotagmin and the downstream events leading to the opening of fusion pores [15] . The observations from our group reported here and in previous papers support the model downstream of the opening of SOCC (brown horizontal bracket).
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